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SURVEY OF PORTIONS OF THE COBALT-CHROMIUM-IRON-NICKEL

QUATERNARY SYSTEM

By E. L. Kamen and Paul A. Beck

An isothermal survey was made of certain portions of the chromium-
cobalt-nickel-ironquate~y system at lJ200°C. The iron content was
varied up to 30 percent to include the range of commercial @romium-
cobalt-nickel alloys. As a part of the quaternary system, the cobalt-
chromium-iron ternary system was also studied.

INTRODUCTION

A project has been initiated at the Metallur~ Department of the
University of Notre Dame for the
certain alloys commercially used
previous re~rt (reference1) on
ect, an isothermal survey of the
was given for 1200° C.

study of phase diagrams pertinent to
for high-temperature service. In a
work done in connection with this proj-
ternary chromium-cobalt-nickelsystem

In order to make the results of the investigationvaluable for
practical applications, it was foreseen that the work would have to be
extended to cover’more complex systems and, in certain critical composi-
tion ranges, also to include lower temperatures. The work covered by
the present report was carried out in accordance with this general plan.

Some of the most fmportant alloy compments occurring in commercial
alloys of Chromim-cobalt-nickel base are iron, molybdenmn, silicon,
and carbon. In order to proceed systematicallyand thoroughly in this
work, it was planned to explore at first the effects of the addition of
each of these elements seprately. In the present work an isothermal
survey of the practically most important portion of the chromim-cobalt-
nickel-iron quaternary system at 1200° C was made. The iron content was
varied up to 30 percent to include the range of comn~cial alloys of
chromium-cobalt-nickelbase. Since at 1~0° C most of these alloys con-
sist largely of face-centered cubic solid solutions, it was considered
that the-
contents

. . ......

limits of solid sohibility of this phase ~th varying iron
would be of the most immediate concern.
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In the course of this work it becsme evident that one of the com-
ponent ternsry systems, the cobalt-chromium-ironsystem, has not been
adequately explored by previous investigators. (See literature survey-.)
It was, therefore, decided to divert a part of the efforts to the survey
of this ternary system at 1200° C. At this temperature the si~ phase
does not occur in the binary iron-chromium system. However, at tempera-
tures below 825° C, which are of practical importance, the iron-chromium
system does have a stable sigma phase. It was therefore of importance
in the understanding of phase equilibriums in the cobalt-chromium-iron
system to explore the relationships between the isomorphous sigma phases
occurring at those temperatures in the two binary systems cobalt-chromium
and iron-chromium. This work was originally started with the collaboration
of Mr. W. D. Manly and briefly reported in reference 2.

In order to extend the investigation to lower temperatures,which
are practically significant, some work was done on the limits of the face-
Centered ctiic solid solutions (alpha phase) of the chromium-cobalt-nickel
alloys to temperatures down to about 8500 C. From the data obtained an
isothermal section of this portion of the chromium-cobalt-nickelternary
system was constructed for 900° C.

*

In reference 1 the phases of the chromium-cobalt-nickelsystem were
designated in accordance with the chromium-cobaltbinary diagrsm by Elsea,
Westerman, and Manning. (An exception was the signa phase, which the above
authors designated as gamma.,) Following this nomenclature in the present
report, alpha denotes the face-centered cubic solid solutions based on
cobalt and nickel, beta refers to the hexagonal solid solutions based on
cobalt, and epsilon designates the chromium-basebody-centered cubic solid
solutions. Since the present work concerns alloys with iron, this nomen-
clature leads unfortunately, but inevitably, to contradictionswith the
usual ”designationsof the allotropic forms of iron.

This work was conducted at the Universi@ of Notre Dame under the
sponsorship and with the financial assistance of the National Advisory
Committee for Aeronautics.

The authors wish td thank Mr. Francis Pall for doing much of the
work relating to the alpha and beta phase boundaries in the cobalt-
chromim-nickel system at 900° C and Mr. William D. Manly for making the
initial survey of the sigma phase at 800° C in the cobalt-chromi’um-imm
ternary system. Mr. Willism Kuhn of the Titanium Alloy Manufacturing Co.
collaborated in the early stages of portions of the work. Mr. J. D.
Nisbet of the General Electric Co. kindly contributed a series of cobalt-
chromium-iron alloys. The Battelle Memorial Institute kindly made the
nitrogen analysis in two cobalt-chromium-nickelalloys.
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LITERATURE SURVEY

The alloy systems pertinent to the cobalt-chromium-iron-nickel
quaternary phaae diagram comprise the following six binary systems and
four ternary systems: Cobalt-chromium, cobalt-iron, mbalt-nickel,
chromim-iron, chromium-nickel,and tion-nickel, and cobalt-chromium-
iron, cobalt-chromim-nickel, cobalt-iron-nickel,and chromium-iron-
nickel.

All of the binary dia~ams were thoroughly fivestigated. The cobalt-
chromium system was most recently determined by Elsea, Westerman, and
Manning (reference 3). The cobalt-nickel system was tivestigatedby
several workers; essentially, it features an extended range of solid
solutions with a transformationat high percentages of cobalt. The most
reliable data are presented in the “Metals Handbook” (reference 4,
p. llg2). The latest phase diagram for the chromium-nickel system was
published by Jenkins, Bucknal.1,Austin, and Mellor (reference 5).

The cobalt-iron system was reviewed recently by Ellis and Greiner
and their diagram is given in refere~ce 6. The chromium-iron diagram
has been the subject of many investigations. It was reviewed recently
by Bati and Aborn in the “Metals Handbook” (reference 4, p. 1.194). The
binary system of iron and nickel is presented on page 1211 of reference 4.

No high-temperature phase dia~am for the cobalt-iron-nickelternary
system could be found in the literature, althou@ some work has been done
on phase equilibriums at lower temperatures and on transformations in
the face-centered cubic ternary solid solutions (references 7 and 8).
Portions of the chromium-iron-nickelternary system were extensively
investigated. A section representing average conditions at 90° C to
1300° C appeared in the “Metals Handbook” (reference 4, p. 1261). Reesj
Burns, and Cook (reference 9) published recently their work on a portion
of this ternary system, with high-purity alloys, at temperatures of 650° C
to 800° co Pugh and Nisbet (reference 10) have Just published phase-
diagram hformation relating to this system. An isothermal section which
they have determined for 1100° C is h substantial agreement with the
section given in reference 4. The cobalt-chromium-nickelsystem was
investi~tedby Manly and Beck (reference 1) at 1200° C. Certain minor

/ correctionswere made in the course of the present work and a revised
diagram appears in this repxrt. Elsea and McBride (reference 11) inves-
tigated the effect of nickel and iron additions on the alpha-beta and
beta-sigma transformations of the cobalt-chromiumbinary system. However,
they made no claim for achieving equilibrium conditions.

The cobalt-chromium-ironalloys containing 30 percent to 90 perc&t
iron were extensively exsmined by Koster (reference I-2). His data were
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p~lished in the form of a series of constant iron sections. Inter@la.
tions from his data were carried out for 1200° C, and the resulting
isothermal diagram, together with the results of the present investiga-
tion for the same temperature, is given in this repmt. Koster’s paper
contains a diagram of the cobalt-chromium-iron system at room temperature.
This diagram does not have a phase based on the compl& sigma phase in
the chromium-iron system. This is h contradictionwith presently
accepted data for that b- system. Another pint of interest,
re~rted by Sully and Heal (reference 13), is that the sigwa phase of
the chromium-ironb3nary system is isomorphous with the intermediate
phase occurring in the cmbalt-chromium system. Beck and Manly (refer-
ence 2) showed that, h the cobalt-chromiwn-iron ternary system at 800° C,
the two isomorpho~ btiy phases are connected by a centinuous series
of ternary solid solutions.

mmmnmnm F!ROCEEURE

The equipment used b this work and the procedures of melting and
homo~nizing were the same as those described by Manly and Beck (refer-
ence 1). The lot analyses of the cobalt rondelles, of the electrolfiic
chromium and nickel, and of the hydrogen-annealed electrolytic iron used
for making up the alloys are given in table 1. The crucibles used for
rnelttigwere of alundum, ztrconia, stabilized zirconia, or beryllia.
Table II gives the type of crucible used for melting each alloy.

It was fouad that the etient of segregation in the tigots varied
considerablywith the alloy composition. Ingots with diameters of less
than 1 inch were usually better than Mger ones. Because of the lower
oxide content in the bottoms of the ingots (oxide particles flost to the
top of the melt), the bottom portions were ma~Y used for ~tion”
Samples for chemical analysis were taken from a part of the ingot directly
adjacent to that used for microscopic and X-ray studies. Several

chromium-cobalt-ironternary alloys were made available by Mr. J. D.
Nisbet of the General Electric Co. These were received as vacuum-melted
and centrifu@ly cast samples and were further handled h the same way
as the ingots made at Notre Dame.

AH alloys used to detexmdne the alpha phase boundaries in tie
quaternary system of cobalt-chromim-iron-fickel were annealed for
~ mtnutes at 1200° C and then forged before the final homogenizing treat-

~

ment. All ternary alloys of cobalt-chromiw-iron not containing appre-
ciable amunts of the sigma or epsilon phases were also forged. None of

the alloys used for determining the limits of the si~ phase at @OO C
h the cobalt-chromium-ironsystem could be forged because of brittleness. .
The alloys used to establish the gO 0 C alpha and beta phase boundaries
in the cobalt-chromium-nickelsystem were annealed for 20 minutes at

L

.
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1200° C and then
for 4 additional

forged; after this, they were placed in the furnace
hours at 1200° C and forged a@n before the homogenizing

treatment at various final annealing temperatties.

The forged cobalt-chromium-iron-nickelalloys were given a homogen-
izing treatment of 13 hours or 75 hours at 1200° C, at the end of which
time they were quenched in cold water. The forged cobalt-chromium-iron
alloys were homogenized for 75 hours or more at 12000 C and quenched.
The alloys which were not forged were annealed for 95 hours or more at
1200° C and quenched. The cobalt-chromiwn-ironalloys annealed at &X)” C
received ~-hour to in-hour homogenizing treatments before quenching.
The double-forged cobalt-chromium-nickelalloys were anuealed for h8 hours
to 180 hours at the appropriate homogenizing temperature and then quenched.
The procedures described gave in most cases a good approximation of
equilibrium conditions, as shown by the fact that a further increase in
the annealing time produced no detectable change in the microstructure.
The alloys containing considerable amounts of the siw or epsilon phases,
which were too brittle to be forged, probably did not approach equilibrium
nearly so closely as the forged and dmible-forged a120ys.

After the final homogenizing treatment the X-ray powders were taken
from the specimen and microscopic samples were prepared and examined for
the presence or absence of a second phase. Thus, the phase boundaries
were established by the disappearing phase method.

The metallographic preparation at first used consisted of mechanical
~lishing with successively finer abrasives, the final stage being a
Gamal polish on Buehler microcloth. A satisfactory electrolfiic pol-
ishing solution was later found. The electrolytic method was rapid and
it removed the surface layer of the specimen which was cold-workedby
previous polishing. As a result, the number of scratches appe=ing after
etching was geatly reduced. The conditions under which satisfactory
electrolytic-polishingeffect was obtained were the following:

Solution, cubic centimeters:
Ethyl alcohol . . . . . . . . . . . . . . . . . . . . . . . . . 75
Distilled Water (nonexplosive) . . . . . . . . . . . . . . . . . 14
Perchloricacid . . . . . . . . . . . . . . . . . . . . . . . . 6

Cathode . . . . . . . . . . . . . . . . . . . . . . . Stainless steel
. Time, seconds . . . . . . . . . . . . . . . . . . . . . . . .10t020

Current density, amperes per square inch specimen surface . . 1: ~ ~
Voltage, volts (d-c.) . . . . . . . . . . . . . . . . . . . .
Electrode spacing, inch . . . . . . . . . . . . . . . . . . . . . 1/4
Temperature, °C . . . . . . . . . . . . . . . . . . . . . . .25t055

.

.
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This method of preparation was used after a preliminary mechanical pol-
ishing on 600 abrasive paper. If kept in a covered container, the solu-
tion couldbe used for 1 day sfter being mixed.

>

The following etching reagents.were used in addition to those
described in reference 1.

(1) Etchant for the alpha phasei

Hydrochloric acid,.cubic centimeters . . . . . . . . . . . . . . . 8
Nitric acid, cubic centimeter . . . . . . . . . . . . . . . . ..O.~
Glycerin, cubic centimeters . . . . . . . . . . . . . . . . . . . 2
Cupric chloride, milligrams . . . . . . . . . . . . . .oo~tol~

Specimens were immersed in the etchant for several minutes or swabbed
with cotton saturatedwith etchant for quicker action. The structure
of all alpha alloys was revealed. Twins, transformation striations, ~d
grain boundaries became apparent. The alpha phase appeared slightly
amber-colored in comparison with the sigma and epsilon phases. Etching
of the beta phase revealed grain bound@ies. In the larger beta particles
a Widmans_&tten precipitate was often found. This further helped in w
identification. The @xd.n boundaries in the epsilon phase were, also,
revealed with this etch, but the si~ phase was unattached. A Widman-
st~tten precipitate in certdn epsilon alloys was attacked. The epsilon
and the si~ ph&.es had the same etching characteristicswhen present as
mall prticles h an alpha matrix. This made it very difficult to deter-
mine microscopically the alpha corner of the alpha-plus-sigma-plus-epsilon
three-phase field. Prolonged etching of small amounts of epsilon and
si~ phases stained them light brown to dark brown.

(2) Electro&tic etchant for cobalt-chromium-ironalloys containf
low percentages of iron and over ~ percent chromium:

Oxalic acid, grams . . . . . . . . . . . .. O.. OOOO . ..08
Distilled water, ctiic centimeters . . . . . . . . . .
Cathode . . . . . . . . . . . . . . ..m. .m . . ..&&~s~ ~te~
Time, seconds . . . . . . . . . . . . . .. O. O.OO .,oc5~15
hrrent density, milliamperes per square inch spectien surface . . ~0
Voltage, volts (d-c.)...;. . . . . . .. O. O. OO. O. ..6
Electrode spactig, inch... . . . . . . . . . . . . ..O . 1/4 to 1
Temperature, oC . . . . . . . . . . . .. OO. O.. .O .25t035

The alpha phase appeared slightly amber-colored. The epsil,onphase ws

etched white. Its grain boundaries and the presence of a Widmansfitten
precipitate were revealed. The si~ phase remained unattached and
appeared white.

-.
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Whenever phase identificationby microscopic means was doubtful
X-ray diffraction was used. Powder @amples were obtained from the homo-
genized alloys by filing or crushing in a mortar. The powders were
smnealed for 10 minutes at 1210° C in evacuated sealed silica tubes and
quenched in cold tap water. The X-ray patterms were taken with an asym-
metrical focusing camera of El)-centimeter diameter, using unfiltered
chromium radiation. The usefulness of the X-ray diffraction method for
phase-identificationpurposes was limited by its relative insensitivity
in detecting small amounts of a second phase. In the case of the si~
phase tl& difficulty was augmented by the loss of this brittle phase in
filed ~wders. It was necessary to crush severely rather than file
specimens of two-phase alloys C1Ose to the alpha boundary h order to
retain tie sigma phase in the pwders.

The above-mentioned clifficulty h determining the alpha corner of
a three-phase field could be surmomted in some cases by an X-ray dif-
fraction methodi The variation in lattice parameter of the saturated
alpha alloys along the boundary was plotted as a function of the iron
centent for the cobalt-chromium-ironalloys annealed at 1200° C and as
a function of the cobalt content in the quaternary alloys containing
lo percent iron. The three-phase corner is revealed by a more or less
%harp break in the curve of lattice constant agatist com~sition, as
shown previously (reference1).

Cobalt-chromium-ironternary system at 1200° C.- The phase diagram
determined for the cobalt-chromium-ironternary system at 3.200°C is
presented in figure 1 from the data in table III. (See fig. 2 also.)
The table gives for each alloy the identity and the approximate amount
of the various phases it contains, as estimated from the microstructure.
For comparison, the amounts of the phases correspmuling to alloy
comp sition in the ternary phase diagam given in figure 1 are also
blicated. The phases as identified by metis of X-ray diffraction are
indicated in each case where such data were available. The analyzed
chemical compositions relprted in table III originally contatied varying
mounts of an acid-insolublematerial, mainly chromium oxide. These
compositions were corrected to 100-percent-metal content. Several alloys
of the cobalt-chromiun-nickelternary system and two alloys from the
chromim-cobalt-iron ternary system were analyzed for carbon. The results
are
the

The
The

reported in table XV. The low carbon content is in accordance with
fact that no carbides were microscopic@.ly obseryed in any alloys.

The phase diagram is dominated by two large areas of solid solutions.
epsilon phase based on chromium has a body-centered cubic struc~e.
alpha phase based on the cobalt-iron solid solutions at 1200° C has

*

.. ..- ——— .——. _—. —.. . ——____ —. —.. .— .Z. — ..—. —
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a face-centered cubic structure. The brittle solid solutions based on
the complex si~ phase are found only in a ldmited region of the phase
diagram. The maximum amount of tion sohible in this phase at 1200° C
is about 18 percent.

Certain binary alloys of cobalt and iron are known to transform
from the face-centered cubic structure b the body-centered cubic struc-
ture upn cooling from 12000 C to room temperature, even if the Cooltig
is very fast. The addition of chromium does not appear to suppress this
transformation. That portion of the alpha phase field labeled “A” in
figure 1 designates those ternary solid solutions of cobalt, chromium,
and iron which completely transform to the body-centered cubic structure
(ferrite)upon quenching to room temperature. In table III, the alloys
within area A are stated to contain the alpha phase, stice at mo” C
that phase must have been the stable one in these alloys. The micro-
structure of the quenched alloys showed that the phase present at room
temperature must have formed by a martensitelike reaction within the
grains of the high-temperature phase originally present (see figs. 3
and 4). The X-ray patterns of these alloys consisted of two diffuse
cliffraction lines corresponding to the indices (110), KCLl and Kf3 chro-

mium radiation, of the ferrite lattice. me dashed line which PartiallY’
bounds area A was drawn to conform with the remilts of the work on
binary cobalt-iron alloys by Ellis and Greiner (reference 6) and with
the X-ray diffraction data obtatid in the present work with alloys lT27,
IT33, =, and 300.

In the composition range of area B the transformation upon quenching
was clearly Hf erent from that taking place in the alloys of area A.
This was shown by both the microstructures and the X-ray diffraction
patterns. Typical structures of alloys in area B are reproduced in fig-
ures 5 and 6. Although alloy 212 is placed in area B according to X-ray
diffraction findings, its gdcrostructure (fig. 3) corresponds to that
of alloys h area A. (See fig. 7 for structure of an a~oy of area B
which tid not tiansform when quenched from MO 0 C to room temperature.)

The X-ray diffraction patterns of alloys which had alpha phases
correspondingto compositions in area B contained lines of the a_lpha
phase, along with some unidentified extra lines. These etira lines,
not reported in table III, are tabulated in table V. No specific inves-
tigation was undertaken to exandne the natwe of the transformation
taking pkce upon cooling in area B, since it would have curtafled the
work being done to determine phase boundaries at 12D0° C.

Chromium-rich alloys h the epsilon phase field were found to have
a Widmanstitten &rpe of precipitate similar to that previously found in
Ch.romim-richalloys in the epsilon phase field of the cobalt-chromimn-
nickel ternary system. ‘lhisprecipitate was observed in alloys as
low in chromium as 309 (nominal composition, cobalt - 26.’75 percent,

w

.
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chromium - 42.25 percent, and tron - 31 percent). Manly and Beck (refer-
ence 1) have described how this precipitate was ident~ied as sigma
phase, probably formed during cooling. Sdmilar conclusions were reached
in the present work with regard to the precipitate in this alloy system.
It was also pointed out (reference1) that the sigma precipitate did not
extend to the grain boundaries of the epsilon matrix. The same phenome-
non was found in the cobalt-Chromiun-iron systa. It was also observed
that the precipitate is not revealed near the boundaries of second-phase
particles in an epsilon matrix by th$ etchtig method used (figs. 8 and 9).
In the epsilon phase of alloy 277, which contained particles of epsilon
phase with precipitate, in a sigma-phasematrix, a layer of differing
etchtig characteristicswas ~bserved in that part of the epsflon phase
directly adjacent to the sigma phase and not containing precipitate
particles. A photomicrograph of this structure is shown in figme 10.
Some of the cracks which occur in the signs phase did not penetrate this
kyer, while other cracks penetrated through &e intermediate kyer, UP
to but not into that portion of the epsilon phase containing the precipi-
tate. Quite likely, this titermediate layer may be a phase different
from both epsilon and si~. Manly and Beck (refersnce1) found that
the sigma precipitate formed very large plates in an alloy (IBT36)
melted at the General Electric Co., Schenectady laboratory, in contrast
with the finer platelets of the precipitate found in alloys of s~
composition (e.g., alloy 19) melted at Notre Dame. Analysis for nitrogen
in alloys 19 and 1$r36, kindly carried out at Battelle Memorial Institute,
gave 0.005 to 0.007 percent and 0.263 percent, respectively. These .
results indicate that nitrogen may sttiulate the growth of the sigui
precipitate particles during cooling from elevated temperatures. The
structure of the epsilon phase alloys with high iron content which did
not contain a precipitate is shown in figure I.1. Apart from impurity
phases, this is a typical structure for a single-phase solid solution
not contairxhg mnealing twins.

The brittle sigma phase occurs in a relatively small region of the
cobalt-chromium-ironsystem at lZOOO C. Since the sigma phase is not
stable in the chromium-ironb~ry system at 1200° C, it does not erbend

through the ternary system at that temperature. Typical structures of
the brittle si~ phase (with cracks) coexisting with alpha and “epsilon
phases are presented in figures 9, 12, and 13.

The two-phase region existing between the epsflon and sigma phases ‘
becomes very narrow as iron is added to the cobalt-chromiumbinary alloys.
Increasing iron content has the same effect on the alpha-epsilon two-
phase region. However, this two-phase field becomes ~ow over a wider
range of increasing iron centents. The alpha and si@a phase boundaries
of the alpha-plus-si@a two-p@se field run approximately parallel to
one another. The three-phase field is extremely narrow. This is a
result of the very narrow two-phase epsilon-plus-sigmafield.

.— -—-.——. .— —— ———. —.. —— —-- __. —.
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Segregation difficulties were most severe in alloys with composi-
tions along the epsilon phase boundary in the vic~ty of the epsilon
and si~ corners of the three-phase field. The segregationwas fre-
quently found in the form of a “clotlike” mi~oconstituent, apparently
si~ phase, containing a fine, possibly eutectic, dispersion of another
phase. A typical structure is presented in figure 14. The extremely
small platelets of the second phase were not coalesced by an annealing
period of ~ hours at 1200° C. The etching characteristicsof this
phase with respect to the si~ matr~ corresponded to the etching
characteristicsof epsilon particles in a si~ matrix. The tentative
identificationof the precipitate as epsilon phase is in accord with
its occurrence in alloys 367 and 349 (fig. 15) which are located in the
three-phase field .md M alloys 282 snd 346 of the epsilon-plus-sipya
two-phase field. The X-ray diffraction patterns of alloys 367 snd 368
contained lines of the al @ phase and epsilon phase.

E
The otiy micro-

constituent to which the psilon phase lines can be ascribed is the finely
distributed phase. The question marks in the epsikn column of table III
refer to this tentatively identified finely dispersed phase.

—
Severe segregation was noted in 22 alloys marked in table III as

“Segre~ted.” The microstructure showed great variation of phases
present from bottom to top of these ingots. They were neglected when
the phase boundaries in figure 1 were placed. Apart from such diffi-
culties, which were mdnly encountered near the tip of the sigma phase,
it was possible to establish the boundaries of the single-phase fields
by observ@ the disappearance of a second phase.

By fitting together the microscopic evidence available from a num-
ber of alloys, the corners of.the three-phase field have been placed at
the following points:

Corner Percent Percent Percent
co Cr Fe

Alpm 42.75 32.25 25
Epsilon 31.75 W25 20
Siglla 32.25 49.75. 18

It was difficult to esttite the amounts of second phases present in a
finely distributed form. This was especially true for the fine distri-
bution of second phase which is probably epsilon phase in a eutectic
distribution.

The following discrepancieswere encountered in regard to the phase
boundaries in figure 1. Alloys 191, 192, and ~0 each had traces of
second phase in an alpha matrix but were placed just within the alpha
field. Alloy 373 (fig. 3.2)was placed just within the three-phase field,

——
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although microscopic observation gave evidence of o- alpha and sigma
phases in the microstructure. Alloy M8 was placed in the two-phase
alpha-epsilon field in accordance with its chemical analysis, although
its structure was entirely epsilon phase. Its composition as calculated
from the amounts of the components used in melting would place this
alloy in the epsilon phase field in accordance with the microstructure.
Alloy 363 was placed just within the sigma phase field but had a ftie
dispersion of second phase, probably epsilon. These minor discrepancies
are almost negligible in v>ew of the consistency of the large amount of
other data, but they da indicate that some caution must be observed in
estimating the accuracy of the results. Some inconsistencieswere
observed between the microstructure and the X-ray diffraction results,
such as the presence of lines of the alpha phae in X-ray diffraction
~tterns of sevex%alalloys in the epsilon phase field, the microstructure
of which did not show alpha phase. The presence of sigma phase lines h
diffraction patterns in epsilon phase alloys is readily explained by the
presence of the sigma precipitate in the epsilon phase. In several cases
in the X-ray patterns of two-phase alloys, which contained the brittle
sigma phase, the lines of the sigma phase were missing. The manner in
which the epsilon phase was lost in X-ray diffraction patterns cannot
be accounted for. Similar observations were made ~eviously in the
chromium-cobalt-nickelsystem (reference1). However, for all alloys
showing such discrepancies, the internal consistency of the microscopic
observations was quite satisfactory and the phase boundaries were located
in accordance with those results.

Boundaries of sigma phase at 8000 C in cobalt-chromium-iron system.-
The limits of the si~ phase at ~Oo C are plotted in figure 16 from
the data in table VI. (Also see fig. 17.) These bountiies have been
drawn with dashed lines since the alloys could not be forged and the
annealing periods used may not have been long enough to insure equilib-
rium conditions. In reference 2 Beck and Manly stated that the si@a
phase in the cobalt-chromium-ironsystem was a series of solid solutions
at &OO C. Careful microscopic examination with several etching reagents
was unable to detect two sigma phases in any part of the sigma field.
Additional data obtained in the present work with new aJJ.oysgave the
same result. The si~ phase did not exhibit any structure. The micro-
scopic results were in good agreement with each other, even though a
variety of homogenizing periods were used. Many of the alloys used for

this work were also examined after homogeniztig at 1200° C. Comparison
of the microstructure showed that many alloys which did not entirely
consist of signs phase or which did not contain any si~ phase at
1200° C consisted mostly or entirely of sigma phase at 800° C.

Alpha phase and beta phase boundaries in cobalt-chromium-nickel
system at $KIOOC.- The alpha phase and beta phase boundaries are plotted
in figure 18 from the ‘datain table VII. (See also fig. 19.) The alpha
boundary at 1200° C from reference 1 has been included in the plot for
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purposes of comparison. Alpha has a face-centered cubic structure and
beta has a hexagonal close-packe-dstructure.

An initial survey of the change in the extent of the alpha phase
field with decreasing temperature was made with five alloys with composi-
tions of a few percent less chromium than corresponds to the alpha phase
at lZUO” C. These alloys were double-forged (see section %xpertiental
Procedure”) and annealed at various temperatures as ind$cated in
table VIII. These alloys were emmined for the presence of a second
phase. The temperature at which a second phase began to precipitate
was bracketed by two temperatures: The lowest temperature at which
second phase was not found and the highest temperature at which second
phase was observed. The location of the boundary at ~O” C could be
estimated from this information and alloys were then made to determine
the boundary at that temperature. The precipitation of a second phase
at one temperature, but not at a higher temperature for similar annealing
periods with the same alloy, lends support to the belief that the 900° C
alpha phase boundary in figure 18 represents conditions close to
equilibriwn.

The alloys prepared for the final determination of the alpha and
beta boundaries at ~O” C were also double-forged and quended after
final anneal at ~O” C. The data used for these boundaries were in
good agreement, except for alloy 237, which was placed just inside the
two-phase field, although it did not show second phase in microscopic
examhation. The three-phase-field corner at the beta phase has been
placed at a composition of cobalt - 64 percent, chromium - 33 percent,
and nickel - 3 percent. The alpha corner of the three-phase field (alpha
plus beta plus probably sigma) has been placed at a composition of
cobalt - 63 percent, chromium - 33 percegt, and nickel - 4 percent. The
etching characteristicsof the second phase in equilibrium with the alpha
matrix changed distinctly between alloys 333 and 334. This change may
we12.correspond to the alpha corner of the assumed three-phase field:
Alpha plus epsilon plus signs.

A transformation occurring in alpha alloys of the cobalt-chromium
system was found in alpha boundary alloys containing up to about 24 per-
cent nickel. A ~ical structure resulting from this transformation is
presented in figure Z). The alpha-plus-beta two-phase region is very
narrow with respect to composition in the ternary system and it is
probably also limited with respect to temperature, as indicated by the
data on the binary cobalt-chromim system (reference 3).

The Widmans&tten precipitate obse~ed in certain beta alloys could
not be positively identified by X-ray diffraction probably because of
the small amount present in any spectien. However, this precipitate
did have the same etchfng characteristicswith respect to the beta
matrix as had massive particles of si@na with respect to a beta matrix.

.
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The binary cobalt-chromium diagram (reference 3) indicates decreasing
solubili~ of the sigma phase in the beta phase with decreasing tempera-
ture. For these two reasons, it is believed that,the Widmanstllttenpre-
cipitate observed consisted of the sigma phase. Figure 21 is a photo-
micrograph of an al.loywith a beta matrix containing the Widmansl%tten
precipitate. The precipitate was often missing in small grains of beta.
Figure 22 shows the structure of an alloy containing transformed alpha
phase and some beta grains without precipitate. In all alloys in which
alpha and beta coexist at the annealdng temperature, after quenching the
alpha phase was striated, as shown in figure 22. It is believed that.
this striation is a result of a transformation occurring in the alpha
phase upon cooling to room temperature. As a result of the transformation
in the alpha phase, small amounts of beta could easilybe detected in
etched specimens. Figure 23 illustrates the presence of a small amount
of second phase, other than beta, in alloys which were used to determine
the boundary. The specimen was not etched before taking the photomicro-
graph in order to prevent the removal by the etching reagent of the
smallest second-phaseparticles. .

Alpha phase boundaries in cobalt-chmmiun-iron-nickel system at
1200° c.- The isothemal section of a quaternary alloy phase diagram
would be represented by a tetrahedron. This method of representation
is not very convenient, since a three-dimensionalmodel is not easily
constructed or reproduced. However, it is possible to plot the phase
boundaries in such a system,on a two-dimensional scale. This is done
by keeping the amount of one of the components constant and varying the
ratio of the other three elements. The data maybe plotted on an equi-
lateral triangle, corresponding to a section of the tetrahedron parallel
to one of its boundary planes. By changing the smount of the element
which is beiqg kept constant, a series of two-dimensional triangular sec-
tions can be plotted for the other three components, one ~ection for each
constant composition of the first component. As the amount of the first
component increases, the size of the triangular sections of the tetra-
hedron becomes smaller. In order to offset the decreasing size of the
triangular map and at the same time to plot and-compare directly the
data for several constant amounts of the first component in the same two-
dimensional figure, the smounts of the three varying components nfaybe
increased to a total of 100 percent, disregarding the constant smount of
the first component. The calculation is done by dividing the actual per-
centage of a component by the fraction of the”sum total of the percentages
of all three varying components in the alloy.

In the present study, constant compositions of 10, 20, and 30 per-
cent iron in combination with variable amounts of cobalt, chromium, and
nickel were used. The correction factors were, respective~, 10j9, 10/8,
and 10[7. ‘Theanalyses of iron in the alloys were not exactly 10, 20,
or 30 percent. However, the composition of the other components in the
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alloys were corrected
In this manner figure
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the basis of 10-, 20-, or 30-percent-iron contents.
shows data for constant emounts of 10, 20, and

30 percent iron, ~ving the ratios of cobalt, chromium, and nickel”corre-
sponding to the alpha phase boundary. The composition of each alloy and
of the phases occurring in it is given in table IX for all alloys used
in plotting the boundaries in figure 24. (Also see fig. 25.) The alpha
phase boundary for alloys with no iron from the report.(reference 1) by
Manly and Beck is included in the plot for comparison. The actual msximum
volubility of chromiwn in the alpha phase is replotted in figure 26 as
a function of the actual cobalt content for alloys containing O, 10, 20,
and 30 percent iron. These data were interpolated from the phase bounda-
ries in figure 24. The data are in table X.

The data for each of the three boundaries were in good agreement.
The alpha phase coexi,s>swith the epsilon phase and the sigma phase in
alloys containing 0, 10, and 20 percent iron. The corner of the three-
phase field alpha plus epsilon plus sigma was determined only for alloys
containing 10 percent iron. It could not be done metallographically,
because no etchant was found which would distinguish between epsilon and
sigma in these alloys. X-ray diffraction patterns were made for alloys
containing sufficiently large amounts of the additional phases. Dif- .
fraction patterns for alloys 200, 214, and 193 roughly bracketed the three.
phase-field corner. The diffraction pattern for alloy 200 had alpha-
plus-sigma phases, that for alloy 214 had alpha-plus-epsilon-plus-sigma /

phases, and that for alloy 193 had alpha-plus-epsilonphases. Measure-
ments were made of’the lattice parameter of the -alphaphase from dif-
fraction patterns made of a series of boundary alloys. For each pattern
the lattice parsmeter of the alpha phase was calculated from the three
highest-angle al~ha phase lines. The parameter was plotted against the
COS% value for these three diffraction lines for each alloy. The plot

was extrapolated to cos2e equal ta O, and the corresponding value of
the lattice parameter was used. This value of lattice parameter was
plotted in figure 27 as a function of the corrected cobalt composition
of the alpha phase in alloys containing 10 percent iron. The data are
in table XI. No explanation canbe given for the discrepancy in alloy 207.
This procedure locates the corner of the three-phase field at an actual
composition of cobalt - 30.6 percent, chromium - 38.7 percent, iron -
10 percent, and nickel - 20.7 percent, which is consistent with the
results obtained by phase identification as described above.

The three-phase-field corner at the alpha phase in the 20-percent.
iron section was not determined accurately. However, from the data of
the cobalt-chmmim-iron system and from the X-rsy diffraction pattern
of alloy 149, which showed alpha, epsilon, and signs lines, it is possible
to estimate that this corner lies between actual nickel contents of 2 to
6 percent.

.

The alloys containing 30 percent iron did not have sigma phase
at 1200° C, and alloys 248, 252, and lgg were found to contain, by X-ray
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diffraction methods, alpha
these alloys are presented
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and epsilon phases. Typical structures of
b figures 28 ma 29.

A transformation in the alpha phase was observed microscopically
in boundary alloys with all iron contents. Typical microstructure
resulting from this transformation are very similar in appearance to
those shown in figures 5 and 6. As shown by the microtiructure, nickel
between 17 percent and 27 percent suppressed the transformation in
boundary alloys with no iron. Between 13 percent and 18 percent nickel
suppres~ed the transformation in boundary alloys with 10 percent iron.
Between 8 percent and 13 percent nickel suppressed the transformation
in boundary alloys with 20 percent and 30 percent iron.

In the X-ray diffraction patterns of several quaternary alJ_oyscon-
tiintig the alpha phase, a set of unidentified diffraction lties was
observed. Since these lines were always observed to appear together,
they were ascribed to an unhewn “Z” phase. This set of diffraction
lines is listed with the values of 0 h table XII. The structure
correspondingto these lines does not appear to be a simple face-centered
or body-centered cubic, or a hexagonal close-packed crystal structure.

.

The Z phase lines were found together with alpha phase lines h
&Mfractionpatterns of filed and annealed X-ray specimens of alloys 133,
l~j 194, 199, sad Zl10. All of these alloys contained I-Opercent iron,
except 199, which had 30 percent iron. Alpha andZ phase lines were
also found tiX-ray diffraction patterns of filed and annealed X-ray
specimens of two alloys with the same cobalt-chromium-nickelratio as
alJoy 133, but containing ~and 7 percent iron, respectively. When an
X-ray specimen from alloy 133 was preparedly crushing the annealed alloy -
h a mortar, the diffraction pattern, after annealing and quenchtng of
the powder, showed alpha-plus-si~ phases but no Z lines. The same
result was obtdned when crushed powders of alloy 133 were quenched from
MOO C to temperatures of 25Q0 C and 100° C.

No detailed investigation of the occurrence.ofthe Z phase was under-
taken, but the following statements concerning it can be made:

(1) Z Mfraction lines were always found together with the dif-
fraction lines of the alpha phase.

(2) Z phase was found only in diffraction patterns of filed”X-ray
specimens but not of crushed powders.

(3) Z diffraction lties were also found in two X-ray diffraction
patterns of alloys which did not show transfo-lmationstriations in the
microstructure of the alpha phase. These two alloys, 194 and 199, had
an alpha matrix microscopically similar to that of the alpha phase in
figures 28 md 29.

..— ——. —--— -——— —. —-.--
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DISCUSSION OF RESULTS

The technologically most important portion
nickel-iron phase diagrams is the face-centered

of the cobalt-chromium-
cubic alpha phase region.

The alpha ph~se field-in the cobalt-chromiumbinary system is quite
broad at 1200° C. In ternary cobalt-chronxhnn-ironalloys, the alph
phase field forms a conthuous series of solid solutions between the
cobalt-chromium and the chromium-ironbinary systems, adjointig to the
face-centered cubic phase of the cobalt-ironbinary system uninterrupted
at ~“ C. The maxhum soluhility of 34 percent chromium in the alpha
phase of cobalt-chromiumalloys at 1200° C is decreased h the ternary
cobalt-chromium-iron system tith increasing iron content to the lower
volubility of chromium in the binary chromium-iron system. The maxhum
volubility of chromiun in the alpha phase of this binary system is 11 per-
cent at 1200° C. The value of 11 percent chromium for this soluhility
found in the present work exceeds the value of 9 percent previously
reported (reference4, p..12?ll)by an amount which is unlikely to be
experimental error.

The limit of the alpha phase at 1200° C in the cobalt-chromium .

system was found to be in good agreement with the work of Manly and Beck
(reference1) and with other pretious investigations. Koster has published
a paper (reference 12) relating to phase equilibriums in the cobalt-
Chromium-ironternary system. Isothermal data for 1200° C were obtained
from Koster’s results, by interpoktion, md they are pl-otted~ fig-
ure 30 together with the corresponding results of the present investiga-
tion. The data taken from Koster’s paper are presented in table XIII.
The points according to Kbster’s results do not fa~ on smooth curves
nor are they all in close a~eement with the present work. The dashed
curves in figure 30 were drawn as deemed best to fit the points obtained
by interpolation from Koster’s data.

Manly and Beck (reference1) have shown that the alpha phase field
is very broad at lZWO C in ternary cobalt-chromium-nickelalloys. In
the present tivestigationthe extension of the alpha phase in qyaternary
alloys of cobalt-chromium-iron-nickelwas determined for alloys containing
10, 20, and 3Q percent iron. It was found that the cobalt-chromium-
nickel ratios of the alpha phase boundary alloys remained nearly the same
as the iron content increased from O to 30 percent (fig. 24). However,
the maximum volubility of chromium in the quaternary alpha phase decreased
as the iron content increased (fig. 26). This plot also shows that the

maximum chromium soltiility h the alpha phase decreases with increasing
cobalt content for any content of iron between O and 30 percent. Con-
sidering the practical importance of phase relationships in these alloys .
at temperatures lower than 1200° C, the extent of the alpha phase field
h ternary cobalt-chromium-nickelald.oyswas determined at ~0° C. At

— ..— .. -——
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this temperature the extent of the alpha field is a few percent chromium
less than at 1.2W0 C. The beta phase which is stable at $KIOOC in the
cobalt-chromium system extends somewhat into the ternary cobalt-chromium-
nickel system up to a nickel content of 3 percent.

The limit of the alpha phase at mOO C in the chromium-nickel system
was taken from the work published in reference 5. The limits of the beta
phase in the cobalt-chromim system at ~0° C were placed in accordance
with Elsea, Westerman, and Manning (reference 3). However, the Mnit of
the alpha phase in the cobalt-chromimnbinary system at m“ C was found
to be near 32.5 percent chromium, instead of 34 percent chromiun as indi-
cated by Else-a,Westerman, and Manning (reference 3).

The accuracy for the alpha phase boundaries is estimated to *1,5 per-
cent chromium for the cobalt-chromium-ironand cobalt-chromium-nickel
termry systems and to about +1.5 percent chromium and *1.5 percent iron
for the cobalt-chromium-iron-nickelquaternary system. The accuracy of
the three-phase-field corners is estimated to *2 percent iron in cobalt-
chromium-ironalloys and to = percent cobalt in q.uternary cobalt-
chromiti-iron-nickelalloys.

-The epsilon phase extends up to about 75 percent iron in the binary
alloys of chromium and iron at 1200° C and up to 25 percent cobalt in the
cobalt-chromiumbinary alloys at 1200° C. In ternary cobalt-chromium-
iron alloys the epsilon phase extends over a large portion of the system
at 1200° C. However, the low-iron and low-nickel alloys in the epsilon
field of the cobalt-chromim-iron and cobalt-chromium-nickelternary
systems, respectively, always contain a WidmanstHtten type precipitate
of the sigma phase after quenching from 1200° C to room temperature.
These alloys are too brittle to be hot-forged. Ternary cobalt-chromium-
iron alloys along the epsilon phase boundary, containing more than 50 per-
cent iron, do not show sigma precipitate and were successfullyhot-forged
in order to approach equilibrium conditions during subsequent homogenization

The limit of the epsilon phase at 1200° C in binary cobalt-chromium
alloys was taken from reference 1. The limit of the epsilon phase in
binary chromium-iron alloys is 10.5 percent chromium, according to refer-
ence 4, page .1194. This value was confizmed in the present work.

At 1200° C the si~ phase exists in the cobalt-chromium system but
not in the chromium-iron system. Correspondingly, in ternary alloys of
cobalt-chromium-ironat 1200° C, the sigma phase forms an elongated field
extending into the ternary system from tbe cobalt-chromim side but ter-
minating before reaching the iron-chromiumbinary system.

In the ternary cobalt-chromium-iron
volubility of iron in the sigma phase is

system at 1200° C, the maximum
18 percent. The si~a phase

—
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field in the ternary cobalt-chromium-imn system at 1200° C is not
appreciably wider than the sigma phase field at 1200° C in binary cobalt-
chromim alloys.

At 800° C the signs phase is
Chromim-ironbinary systems. In
at 800° C the si~ phase extends
side to the Chromim-iron side as

present in both the cobalt-chromiumand
the ternary cobalt-chromiun-ironsystem
conttiuously from the cobalt-chromium
a series of solid solutions. The con-

tinuity of the si~ solid solution at 8U0° C was established micro-
scopically. Alloys in the whole range were subjected to careful micro-
scopic examination, using a variety of different etching reagents. It
was impssible to detect the presence of two different sigma phases in
any of these alloys. The more psitive X-my diffraction method, which
is normally used in such investigations,could not be applied in the
present case, since the lattice constants of the si~ phase did not
vary noticeably with the iron content. This si~ phase field is much
wider in ternary alloys than in either one of the adjoining binary systems.
The si@a phase field in ternary cobalt-chromium-ironalloys at 1200° C
lies entirely within the boundaries of the si~ phase field at @OO C
(fig. 16).

Both limits of the si~ phase field in the binary cobalt-chromium
system were found in the present work to occur at higher chromium con-
tents (56 and &l percent chromium) than previously reported (reference 3)
(52 ad 58 percent dbmium) . The midpoint between the newly established
limits (56 and 60 percent chromium) corresponds closely to the cobalt-
chromiun atomic ratio C02 Cr3. The new values were found in the present
work at both ~“ C and m“ C. The &ta obtained for ternary cobalt-
Chromim-iron alloys extrapolate smoothly to the revised phase boundaries
of the binary cobalt-chromium system. This change b the limits of the
si~ phase in binary cobalt-chromiumalloys at 1200° C necessitates a
correspmtig slight revision of the lJ200°C isothermal section of the
cobalt-chromium-nickelsystem previously repmted (reference1). The
revised cobalt-chromium-nickelphase diagram is presented in figure 31.

The X-ray diffraction patterns of cobalt-chromium-ironand cobalt-
Chromium-iron-nickelalloys quenched from the alpha phase field at 12000 C
to room temperature showed other diffraction lines in addition to, or b
place of, the lines corresponding to the face-centered cubic alpha struc-
ture. Martensitic-type transformationsupon cooling from the alpha phase
field at elevated temperatures are known to occur in portions of the
cobalt-chromium (reference 3), cobalt-iron (reference 6), and chromium-
tion (reference’k,p. 1194) binary systems.

The X-ray patterns of cobalt-chromim-iron alloys in area A (fig. 1)
quenched from 1200° C to room temperatures contained only two diffuse

.-
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diffraction lines which corresgmnd to the EUEIK.l ad ~~~ Kj3 liIW3

of a body-centered cubic lattice. The lines correspontig to the alpha
phase were missing altogether. This may be interpreted aa an indication
of complete transformation of the alpha phase to ferrite upon cooling
from ~“ C. This interpretation is sup~rted by the msxtensitic micro- -
structures (figs. 3 and 4) observed im these alloys. Furthermore, such
transformationsare known to occur in those portions of the cobalt-iron
(reference 6) and chromium-iron (reference 4, p. 1194) binary systems
which partially bound area A. It is typical of this transformation that
It cannot be suppressedby fast cooling.

The Mfraction patterns of cobalt-chromiw-iron alloys in area B
(fig. 1) contained alpha phase diffraction lines together with other
diffraction lines which were not positively identified. The @ values
for diffraction Mnes other than those of the alpha phase for alloys in
area B are listed in table V.

Several X-ray diffraction patterns of quaternary cobalt-chromium-
iron-nickel alloys, quenched from 1200° C to room temperature, also
contained a set of extraneous diffraction lines, in addition to those
belonging to the alpha phase. This set of extraneous lines, which were .
often observed to occur together, has been tentatively designated as
belonging to an unidentified phase. A set of 19 values corresponding
h the Z phase diffraction lines is presented in table XII.

A comparison of the 8 values of diffraction lties listed for the
Z phase in table XII and the 13 values in table V for diffraction lines
of cobalt-chromim-iron alloys in area B indicates that certain lines of

. each correspond: However, there are 19 values ti table V which do not
correspond to 19 values for the Z phase. It is evident from the X-ray
diffraction data that the alloys in this composition rsage partially
transfomn upon quenching to room taperature. However, most of the alpha
phase, stable at 1200° C, is retained upon quenching.

The typical microstructure of cobalt-chromim-iron alloys in area B
quenched from 1200° C to r~om temperature is conspicuous for the straight
lines, or striations, observed within each alpha grain, as shown in fig-
ures 5 and 6.

The Z phase diffraction lines were only found in X-ray diffraction
patterns also containing alpha phase diffraction lines. In most cases
the correspondingmicrostructure showed striations. However, the Z phase
diffraction lines were also found in diffraction patterns of some alloys
which did not have striations in the alpha phase. Tables V and XII show
that the X-ray diffraction patterns of alloys in area B exhibiting
striated microstructure contain diffraction lines other than those
corresponding ta the alpha phase or the Z phase. It may be concluded

.—— ——-— — ———



20

that in cobalt-chromiwn-ironalloys of
corresponds to the appearance of a new
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area B the striated microstructure
phase (probably martensitic). This

tiew is supported by microscopic observation at high magnification, which -
also indicates that there maybe a second phase present in the lamel.lae
of the striations (figs. 32 smd 33).

Barrett (reference 14) recently published a paper dealing with
crystal-stricture imperfections (faults) in face-centered cubic copper-
silicon alloys. Photomicrographs in Barrett’s paper (figs. 10c and 10d)
closely resemble the structures found in cobalt-chromium-ironalpha alloys
of area B, figure 1. Bsrrett states on page 131 of reference 14 that the
lines sre similar in appearance to the bands in the banded alpha-plus-kappa
structure and to thin deformation twins and that they lie on the close-
packed [U3 planes of the face-centered cubic solid solution. He adds
that because of this and the fact that they can be produced by deformation
it is safe to conclude that they represent a modification of the normal
stacking of matrix planes, for this would be true if they were either
clusters of faults, lamellae of kappa, transition precipitate, twins, or
locally distorted metal along slip planes; since the number per grain is
orders of mag?iitudesmaller than the number of faults necessary to cause
the streaks that are seen in diffraction patterns it is clear that they
are not individual faults. It is quite possible that the striated micro-
structures found by Bsrrett in the copper-silicon alloys, like the very
similar ones found in the present work, result from a martensitic trans- .

formation, even though in the copper-silicon alloys they are not produced
by quenching but only occur after plastic deformation. The transformation
in ternary cobalt-chromium-ironalloys described above appears to be very
similar to that observed by Elsea, Westemmn, andllanning (reference 3)
in the alpha phase in cobalt-chromiumbinary alloys after quenching. The
transformationwas also found to occur in certain ternary cobalt-chromium-
nickel alpha phase alloys quenched from 1200° C and 900° C to room tempera-
ture. However, the transformationwas suppressed in ternary cobalt-chromium-
nickel alpha phase boundary alloys quenched from 1200° C when the nickel
content increased to a value between 17 percent and 27 percent. The trans-
fomnation in cobalt-chromim-nickel alpha phase boundary alloys quenched
from 900° C was suppressedby about 24 percent nickel.

The transformationwas detected in alpha phase quaternary alloys of
cobalt-chromimn-iron-nick.elafter quenching from 1200° C. In these a~oys,
also> nickel suppressed the transformation. In alpha phase boundary
alloys mntainlng 10 percent iron, the transformation is suppressedby
a.nickel content of 13 percent to 18 percent. In quaternary slloys con-
ta-g 20 percent or 30 percent fion the transformation is suppressed
if the nickel content is raised to 8 percent to 13 percent.

.
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CONCLUSIONS

.

From a survey of a portion of the chromium-cobalt-nickel-ironqua-
ternary system at 1200° C the following conclusions maybe drawn:

1. The 1200° C isothemal section of the chromim-cobalt-iron
ternary phase diagram was determined, using 154 vacuum-melted alloys.
It was found to comprise an extendedtrange of face-centered cubic (alpha)
solid solutions based on the cobalt-iron binary system, of another
extended range of body-centered cubic (epsilon) solid solutions based
on chromium-iron solid solutions with more than 12 percent chromium.
The chromium-cobalt sigma phase extends into the ternary system taking
up to a maximum of 18 percent iron in solid solution. The three solid
solutions coexist with each other in three two-phase fields and a narrow
three-phase field. The alpha phase almost in its whole field partially
or wholly transforms upon cooling from 1200° C to room temperature. This
transformation cannot be suppressed by quenching; it is presumably of a
martensitic nature.

2. The isomorphous cobalt-chromium and iron-chromium sigma phases
were found to form a continuous series of solid solutionswith each other
at 8000 C. This ternary sigma solid solution field is wider at 8000 C .
than at 1200° C; the sigma field at 1200° C lies wholly within the com-
position range of the si~ field at 8000 C.

3. Investi@tion of the ternary cobalt-chromium-nickelalloys at
~0° C indimted that at this temperature the alpha solid solution has
a somewhat smaller extension t@n at 1200° C. At mo” C tie &o~~-
cobalt beta phase extends into the ternary system and takes up to a
maximum of 3 percent nickel into solid solution. A martensitic trans-
formation not suppressibleby quenching, similar in microstructure to
that described for the Chromim-cobalt-iron alloys, was found to occur
in binary cobalt-chromiumalpha alloys and in ternary Cobal.t-chromim-
nickel alpha alloys with up to about 24 percent nickel. At nickel con-
tents higher than about 24 percent, this transformation is suppressed.

4. The extent of the alpha solid solution fieldat 1200° C in the
chromium-cobalt-nickel-ironquaternary system was investigated at 10-,
20-, and 30-percent-iron contents. It was found that with increasing
iron content, the volubility of chromium in the alpha phase decreases
but that the chromhn-cobalt-nickel ratios remain nearly the same. The
martensitic transformation found in ternary chromium-cobalt-tionalloys
was also found ti quaternary cobalt-chromium-iron-tickl alpha phase
boundary iihyS. As the iron content in the alpha boundary alloys of the
quaternary system was increased, the nickel content necessary to suppress
the tramsfomation decreased. The transformation in quaternary alloys
with 10 percent iron was suppressedby 13 percent to 18 percent nickel

—----- —.—— ——.—— ~-.—— -— - —— ——. ——. —
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and in alloys with 20 percent and 30 percent iron, the transformation
was suppressedby between 8 percent and 13 percent nickel.

University of Notre Dame
Notre Dame, Ind., January 31, 1950
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TABLE I

LOT ANALYSES BY WEIGHT PERCENT

Element
Electrolytic .

or
Cobalt

comgmund
rondelles

chromium
(H2W%”eal)

Nickel

c 0.17 0.01 0.O1O ----------
CaO ●I2 ----- ----- ----------
co Bal. ----- ----- 0.6 to 0.8
Cr ----- Bal. <.015 ----------
Cu .02 - Trace <.03 0.01
Fe ●I2 .06 Bal. .01
H2 ----- .045 ----- ----------
M@ .04 .-..-. ----- ----------

Mn .06 ----- <.01 ----------
Mo ----- ----- <.015 ----------

N2 ----. .010 ----- ----------

Ni .46 ----- <.03 Bale
02 ----- .51 ----- ----------

P ----- ----- ●003 ----------
Pb ----- .001 ----- ----------

s .009 .012 .002 .001
Si ----- ----- --.-- ----------
Sioz .13 ----- <.03 ----------

-.—— ————— ..-. — -——- —— —— ———-
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TABLE II

CRUCIBLES USED FOR MELTING

\

Auoy Crucible

101 to 153 Zirconia

154 ta 156 Alundum

157 to 164 Beryllia

165 ti 263 Alundum

264, 266 Zirconia

265, 267 to 269 Alundm

270 to 281 Zirconia

282 h 288 Stabilized zirconia

290 to 302, 39 Alllndum

303 ti 318 Zirconia

324 to 363 Stabilized zticonia

364 & 374 Alundum

-
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TABI.EIII

raTAm’Iu ImEIhmm Fm2s MAmAHFm wmm4mcMlsm-lRm

sYmR4Arlmo0c

Al* alhys

-— m
m

m
lcn
Km
m
lm
m
m
la)
m
m
w
la)
m
m
m
IM

3.!33
m
m
m

---

m

l!e3
1.TI.3
m.lb
l!c15

lT17
I.Tle
m

E’=7

IT33
II!*
m36
%91
am
%1

$:

262
yJ

~$
52:40
62.11
T&J

?&
43..87
mm
41.53
3L57
a.%
2LG2
lo.y

2;
U3.g$
8.87
—-

8.98
18.17
27.39
Z(.74
18.r(’
9.03
7.59

23
18.47

;::
18.57

;%
9.33
32.13
23.38
lg.42
ycy

ID:*
2%

%%
las

IDO
100
Ifn

m
m
m
m

I.m
m
m
m
I.cHJ
m
m)
m
m
m
m
ILnl
KHJ
ml
la)
m
m

-——
-—
——

-—

-— —— -—

-— -—

mace
Eace..—

——
——— ——

-—
33

Z.25
5

—-
..—
——
——

——

hncO -—

65.1

?l.tJi

%55
41
45
43.16
47
u

34.9
k7

E:?
3s.39
49
37.3
33.05
43
%
47.5
3A.O+J
55.=5
%75
35.3
%.25
3k
33.25

98
18
40

2
1s
78

-—-
16

-——
-—
——le.%

19.5
1o.06
10
17.s
22.ge
10

——

——
57

12

——
——
1s
lg.gl

37.s
46.og
4&7g
54:8
46p
hh

——- ——
.— ——

H!i
19.25
22
23.5

-——
-—
——_
—_43.25

%1
w2

al
226

ii!ii%
a~k
327
‘3528
‘%8
357
363

lo.a5 ——

-—
-—

-—
-—

-—
-—
-—

::?

38.
M
34
41.5
34
38.3
33
34.G2
3L67
40.5
44.06
40.4h

3:;

53.&
56.7
57
52
95
59.5
%
57.2
2.5
5Q.28
%.35
%.5
55.94

w
%5

m

lodl
(c)

m
m
g
m
100
m
m
(c)
98

-— I.m -——
—-—IJYJ ——

5
10
l-l

10
4.N
16.5
15.70
ELM

—-
--—

I@ (c) (c)
lco
la) ——
m
m
m

-—
(c) (c)

-——— ——
m
m
Im
m-

-——
17
16

——
——
(c)
?

——
%5

Rmical Caq.3nitionmm amiiysis. (kqosltion given for other alloya i. ae+aigbd mmpxiticm.,.
mrore me.mmg.

mot forgd
%3.91g-egata =&$=

— ——— —— ——. .—..— . .—. .___
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TAEm III

rk4TAusED TorEcmbmEPEAsE DIAmAM m coE4LT-cssm,l-IRoN

~ M m“ C -Continued

Height percent Phases from f Y-’ Phs.ses fouud from -
(prcent (pant)

AJloy
~ t~

Miau stxucture sfter forging

Fe (!.2 Cr Alpha Epsilon Sigm?. x-ray (hr)

Alpha Epsilnn Sigm.

Epsmm-pluS-B* auDys

alo3
m
240
261
27-7

33
a35

%
346
347
349

B3%
a3%
365

bm27.9
32
3.5
3
36.p
3.s
26.5
30.81

z:?
32
3.5
32

3.53
39.45
3

72.1
s
3.5
69

2:Z
73.5
55.16

g.5
m.
g

64.08
&l.55
59

a)
65wco

Tram
10

z
m

h-ace
25
70

92

9?

m
35
50
40
W
9
7
10
W
-
100
75
3

8
95
5

Epsilon, agma
———. -
-—— -—. -

——

:Z————--—---——-——----—--..—--
Sigma

.— ----— -—-
Alphs, epsilonj

si~
E@lon, sigma

sigma
——— -—-

lo
18

‘K6
17.43

(c)
(c)
(c)
——

——
-—
-—-

-——

----
-—-

%35
bfi14.03

17.D
19
17
7.5

5.39

10

—— -—-
(c)
(c)

-—-

(c)
bg5

bgj

b95-—- .

Epailf)n auoys
.

24.22
43.03
40.5
16.17
9.63
In

$.5
~.5
5
15
22.5
m
49.47
a6.27

;;
26.5
w
75
61
35
17.49
9.94
3.5
77.(5)
25
3
m
e%lo
10
18.5
46

*.@

z::
27.27
39.14
26
24
24.5
27
28.5
a
3.5
——
=.03
——
=9
28.75
2a
3

12;
24-~
28.34
28.~
2&5
6.25
27.5
26.75
n

3.25
n
=.25

m
Im.1
rr23
~u.o
=142
%54
leo
1.81
185
m
219
2a
242

$$
269
274

28.?
28

285
m
Zgl

g

‘E
35

::
’325
326
37.
353

49.40
35.a4
37.46
56.55
&2

Z
45.5
66.5
56
47
u
3.13
13.73
54
52.25
45.5
%
17.5
24.5
M&a
%.16
61.07
$3
16.15
47.5
k.25
kg
U.82
53.75
m.5
2.75

m
100
loo
IfnJ
100
100
la)
mo-
loo
Im
m
m
Ia3
100
100
m
I.lM
m
100
loo
loa
la)
IJY3
m
la)
I.al
Mm
Im
100
100
100
la)
m

100
w
la)
W
la)
Io3
I.al
1.c?3
Iao
Im
I.cQ
mm
m
Im,

IsM

[
c)
c)

9

(c)

100
(c)

100
I.cnl
(c)

100
(c)

EM.@9
Alpha, epsilon
Alpha, epsilon

EpBKlcm
Epsilan
Epsilon
E@Jnn
Epsilon

Alpha, epstlon

-— -— —---

--—
——-

—---
-—- ---—

—---
-_—-—

-—

——
-—

-—
——
——

-—--

Epsilon, aigms
Epsilon, sigm

Epsilon
Alpha, epstin

Epsilon
Epsilon, sigma

—-

-——-
-—

—— ——

——
-—
-——
-—
(c)
(c)

10

z-
(c) ----

bl&

95
75

(c)
——

T

(c)
—-
——

(c)
—-

%40
%40

Epsilon, s@s
Epsihn, al-

——
——

——
Epsibn
Epsilon

—
---—— -

89
b135——-

!bace
(c)

——-
(C) ————

115
115——-

(C)
-—

(c) -——-—
Alpha, ep@lon

-—-
95

I

~~~ ~mPJsi*n ~ WBiE. -sitIon ISVenfor other d-lop is as+eigbed compsitlon
mlxe meltdng.

hot forge& ~
cSepe@ed.

o

——
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TABLE III

DATA IJSEOTO IECEWEE FHASE DIAGSAMFOR CCUMLT-CHEOMIUM-IRON

SYmRl A!cBWJ c - Calcluaea

Weight percent
Phae-es from figure 1 I Phases found frcua - I

(p2rcent) (percent)
knkahlg tti

Microstmwture after for~

Alpha Epsilon SlgIm x-ray (hr)
AlphaEpsUon Sigm

Uoy

Fe CoCr

Al@+plu8-epdlon alloys

%2
z.66
27.&
38.85
30.44
29.42
34.10

w

35.04
34.41
36.36
36
39

?4.5
31.cKl
8.28
26
22.y3
lj’.5
13
16

-—- Alpha, epdlon
——- Alpha, epslk.n

-—- Alpha, epalkn
-—- Alpha, epsilon
—- Alpha, epaibn

Alpha
z ---- —-—--

— Alpha, epsilon
—— Alpha, epsilon

B*
— Alpha, epsilon

s-
— Alpha, epsilon
—— J@ha
—-- Alpha
--— Alpha, epsilon
--—- Alpha, epsilon

(c) —— ---.—
—--- Alpha
(c) -————-

——- —-——-

—— Alpha, epsilan
--— Al@a, epdlcm
----- Alpha, eps3J.on
—-. Epsilnn
--i- Alpha, epsilon

-— —--—

—- Alpha, epaikn
—- Alph8, epsilon
—— Alpha

Alpha
-———-

(C) -—–—-
—- Alpha, epdlon
--—- Alpha
—— ---———
-—- Alpha, epsilon

—- Alpha, epatin
— Alpha, epstin
— Alph8, epailen

Epsilon
—- Epsilnn
— Alpha, epdlon
—- Alpha, epsilon

z- -––HK—.—

1.!c24
%I!l?zg
~lo7
‘lea
~log
~151
1157
1158
V65

l&5

1167
a73
~175
176
17’7
186
196
%4
%24
228
=3
230
244
263
264
26
267
270
275
292
YJ6
337
39
324

E
343
344
373
3m
352
355
369
374

40.81
5L18
47.08
29.44
35.07
33.67
28.70

Zz

36

33.98
22.45
26.25
9
27
26
9
24.45
76.24
35
4J35

87
ti

E:?5

?5

%
26.75
U.5
23.5
81

Z.5
25
24
76

%;
26.5
23.25
24

28.22
25.40
=.9
42.9
fl.11
3.4
40.85
39.46
39.43

&
70
5

2;
95
20
22
45

40

~
55
63
w
16
&1
10
89
7

2
.--—,
33
25
16

—---
95
93

.—_
2

$
10
33
25
12
25
16
33
9
25
17
45

Ea
%
5

al

(~

50

5

7’0
35
40
63

($’

(j

5
10
65

—-

(4

a

:
98
95

82
78
55

60

22
n
45
40
al
84
al
w
Xl
93
95
3
ml

2
a
loo
5
2

I.m
98
%

;
67
75
89
75
84
67
10
75
83
55

75

%53
75

-—

-—
--—
-——

--—
-—

34 200

x.98
43.14
y.39

34
44

-—--
——

-—-
-—--
—--

25.5
44.54
15.48
39
34.06
21..5

-—-
—-
-— 200

75
75
75

——
87
75
75
75
75

‘b<
——
115

- --—

--—
23
38.25
39.65
m
Z2.n
28.5

-—
-——
——

29.25
28.6
a)
a..a
35.5
19
-.5
3
43.25
4.~
21..23
32.75
3.75
33

LR
13.25
32

R

——
-——
—-
——-
-——
--—
-—
---—
-——

—---
IJxl

(3
5

103
Ml
35

2
10
40
40
I.lM
la

(:?

3
43.75
42.5
33.25
14.n
28.75
41.75
43.25
43 ---—

---—
——

16.5
19.75
u3.25
41.5
kk25 -—
40.5-

Alpha-plu8-ep8110n-pluS+ lipya all.oya

%?
3&9
373

19
20.25
21
22

32.5 48.5 5 15
33.7546 10 45
35 4-4 15 42
37.5 40.5 35 33

&
45
43
33

(c)
10
10
40

%hemical coqositinn from analyaia. _8it~n d= fOr O~er dky8 18 _-Vd@Md _8itiOn
hafore melt=.

hot forged.
‘%egregatd =G=

—.— -—— ..__
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TABLE Iv

RESULTS OF CARBON ANALYSES

Weight percent
Alloy

Fe co Cr Ni c

3-top ----- &.98 42.8!) 11.45 0.03
3-bottom ----- 45.65 42.19 u.85 .05
4top ----- 36.76 47.49 14.66 .03
Lbottnm ----- 37.30 47.66 14.92 .03

5 ----- 25.43 g.g 13.83 .02
7-bottom ----- 17.01 13.17 .03
19 ----- 8.53 74:y 15.06 .04
23 ----- 40.65 51.08 7.98 .03
24 ----- 33.48 57.28 8.35 .12
25 ----- 18.66 69.29 U.1O .02
212-bottmm 76.00 8.86 15.04 ----- .05
224-bottom 76.20 8.28 15.47 ----- .05

——— -—
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TABLE v

19 VALUES OF X-RAY D-CTION L13%ESOTHER THAN ALPHA LINES APPEARING IN

X-RAY DIFFRACTION PATTERNS OF ALLOYS QUENCE3D TO ROOM ~

FROM ALPHA PHASE REGION NT 1200° C

b ch line measured once; unfiltered chromium radiatio~

Alloy e values
(deg)

ITl ----- W.n ----- 31.77 ----- 33.76 ----- -----
IT2 ----- ----- 30.81 31.70 ----- ----- 34.27 36.57
IT3 ----- ----- 30.78 :;.:; 32.78 ----- 34.27 36.51
IT13 ----- 30.52 ----- ----- ----- 34.01 36.42
IT15 ----- ----- ----- 31167 32.89 ----- ----- 36.56
IT17 ----- ----- 30.83 31.67 32.78 ----- 34.25 36.54
IT25 ----- ----- ----- ----- 32%75 33.07 34.28 36.56
IT26 ----- ----- ----- 31.18 ----- ----- 34.68 -----
IT28 ----- ----- ----- 31.38 ----- 34.02 34.28 36.30
104 ----- ----- ----- 31.53 ----- ----- ----- 36. ti
151 ----- ----- ----- 31.26 32.46 33.79 ----- 36.10
191 ----- ----- ----- 31.04 ----- ----- 34.47 -----
lg2 ----- 3.40 ----- 31.30 ----- ----- ----- 36.16
201 ----- ----- ----- ----- ----- ----- 34.44 -----
212 27.53 ----- ----- 31.38 ----- ----- 34.06 38.66
243 ----- ----- ----- 31.33 ----- ----- 34.41 36.33
262 ----- W.60 ----- 31.54 ----- ----- 34.05 ;:.;;
265 ----- ----- ----- 31.60 32.&I ----- -----
270 ----- ----- ----- 31.54 ----- 34.X2 34.56 36:41
271 28.37 30.60 ----- 31.52 ----- ----- 34.05 ;;.:;
275 ----- 30.6Q 30.86 31.47 ----- 34.42 34.01 .
278 ----- ----- 30.78 ----- 32.04 ----- 34.21 -----
318 ----- ----- 30.92 31.49 32.03 32.64 34.29 36.45
319 --.--- ----- ----- 31.49 32.64 ----- 34.05 36.30

-

,.

—-—-——. .—— .-—.. -——-— ._. _ —---. –— —..
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TABLE VI

COMI?OSITIONSOF ALLOYS USED IN I?.LOTI’ING130UNRARIES OF .SIGMAPHASE

~ COWT-CEROIIIUM-nON s=m AT 800° c

[Wta for fig. 1~

Auoy

%r7
mu
1.T20
l!r22
lIr30

alol
alo7
a108
a~o

alll

140

141
a142
215
=6

a269
a277
279

%94
326

a328
344

a348
a359
364

Weight pert

Fe I
co

U.39
m.36
30.71
41.18
51.12
10.86

%?4
40.5
34.49
30
40
16.17
19.5
10
-----

5.16
10
17.49
10
-----

24
-----
--.--

kh25

45.69
32.23
21.61
10.87
10.79
35*54
32.00
27.66
22.04
24. IJ
16
6

27.27
36
41
44.75
36.72
34
28.34
30.25
44.06

&A
39.45
16

.t

Cr

42.91
47.41
47.68
47.95
3i3.09
53*6O
47.o8
42.9
37.46
41.40
9
%
56.56
44.5
49
55.25
fi.lz!
56
54.16
59.75
55.94
43
59.56
&l.55
39.75

Annealing the
at 800° C

(hr)

Approx. !-8
Approx. k8
Approx. k8
Approx. k8

85
Approx. k8
Approx. ~

a

z
a

Approx. !-8
65
88
88
m
65
85
85
65
9
65

~
l’jo

Second phase
present h
sigma matrix

Yesb
No
No
No
Yesc
No
No
No
Yesc
No
Yesc
Yesc
No
Yes
Yes
Yesb
No
No
No
Yesc
No
Yes
Yes
Yesc
No

for
%hemical composition from chemical analysis. Composition given
other aldoys is weighed comp sition before melting.
bProbably beta. =&=
cProbably epsilon.

.

— .——
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TABLE VII

CChlPOSITIONSAND PHASES OF ALLOYS USEO IN PLCM?TINGALPHA AND BlR12A

PHASE BOUNDARIES IN COEKGT-CHROMII.M-NICKELSYSTEM AT 900° C

Annealing schedule
after

dmible-forging

I13itiol
.tper(

by
?nt

Microsf>pic results

Alloy

Second phase
(percent)

Time
(hr)

Temperature
(Oc)

---t

123
124

co Cr Ni Matrix

60
46
28
54
17.49
-----
65.5
42
22
60.99
10
13
25
31.5
39.31
74.77
70

6
20
34
10
42.21
61.5
2

24
40
6.37

w
m
40
34
24.53
-----
-----
1.79
2.39
4

48
48
48

E
48

34
34
38
36
40.29
38.5
32.5
34
38
32.64
40
37
35
34.5
36.16
25.23

?4. 89
29*59
30
30.98
26.78

Alpha
Alpha
Alpha
Alpha
Alpha
Alpha
Beta
Alpha
Alpha
Alpha
Alpha
Alpha
Alpha
Alpha
Alpha
Alpha
Beta
Alpha
Beta
Alpha
Alpha
Alpha
Alpha
Alpha
Alpha
Alpha
Alpha
Alpha
Alpha
Alpha
Alpha

b2

%race
b3

130
162

’168
208
209
210
21.1

C232
233
234
235
236

C237
C238

72

E
86
86
86
86

. --------
--------
b3

bl
--------
--------

86
86
86

1$3
86
86
86

180
86
72
72
72
72

E
84
84
84

--------

20 beta
254 --------

C255
C256

73.32
68.02
66
63.95
66.71
55
m
63
60
56
59

?0
66.49

257
C25+3

C259

--------

5.07
6.51

--------
--------

a3
bl

%, ‘1
a5

333
334
335
336

35
34.5

10

33
35.5

2

4.5
xl
9

17
2

-----

337
338
339
34Q

C341

--------

%race

33
20

a5 to 1033*51

aProbably sigpm.
%mbably epsilon.,

cChemicai c~m~ sition from analysis. Com~sition of other alloys
from as-weighed composition.

%Probably beta. v

.—z —. - __ —.. — . —-
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TABLE VIII

DATA FOR~YSURVEY OF AIFTDl

. IN co~-CERoMIuM-NIcKEL ALLOYS A!rwoo c

AND B1211APHASE BOUNDARIES

‘ fbneaktng the (hr) after double-forging
AnIleqling for alloysl -
temperature

(%)
(2)

1.23 124 136 162 168

-------- 24 - Yea 12 - Yes -------- --------
7; E - Yea 1.2-No --------- -------- ,--------
830 -------- 24 - NO -------- 4-8- Yes --------
885 -------- -------- -------- 48 - Yes --------

48-NO 12-NO -------- -------- --------
E 48-NO -------- -------- -------- 48 - Yes

48-No 48-NO 48 - Yea 48-NO --------
;: E - No k8 -No 48-No 48-No 48- Yea
1o15 ----:--- -------- -------- -------- 48 - Yes
1o40 -------- -------- -------- -------- 48-No.

.

. composition of alloys @ven in table VII.
2“Yes” or “No” titicates presence of second phase h

microstructure. ,,

=5=

●

,,
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m cim.Am4TIm4nM-IRm3-HIcKm Sx9rm

COqOsitionby veightpxent FhaEeafmma from-
(percent) ~-

atmc
Microstructure

Fe co Cr Ei x-ray -’(%-
Al@’ Epsilon sip

10 percentm

‘V.25 9.53 14.94 40.32 33.a Mm !Q-ace -——- —
%6 36.35 m —– =

13
9.3 16.69

wl 34.26 $:
-- 13

u.06 18.02 100 –— —
X33 46.8

-- u
la) — — Al@L,S*

~135 %9 1.Q 41:48 4X4 ~
u

%36
1 —- ——

u3.28
u

3S.72 -—--- ——
am 2;:; 28.30 %2 100 :: ‘1

K!
1o.55

8138
u

1o.20 24.n 37.02 28.53 100 ——
145 36.67 2.25 g —--

u
~.;:

W6 E.37
-Y —––—

36.53 13.I.2100 . — - E
E147 ID.62 %:s9 34.01 .fl I.lM — — 13
*U3 lo.m 4J.#3 35.17 —- —— -

43.2 22
13

169 10 -G- — Alpha,epsilon
13:5

X!
lp lo 43.2 33.3 al —- Alpha,epatin 75
193 m 23.4 g.? :J85 n 25 —- Al@m,epalkn 75
194 lo *.7 75 25 —- Alphajepdlon

kl:k 9.9
75

m 10
‘%5

38.7 m
1o.39
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mlml?lx

Ill!UIUSED IN PJIXPZUIG~ SOLUBIZI’IRt&l! lZ?30° C!OF CHROMIUM

IN ALPHA PHASE OF COEALl?-CHR@lIUM-lRON-NICKELAIUIYS

pee fig. 2KJ

Weight percent Maximum chromium in
alpha solid solution;

Fe co weight percent

o 0 42.2
0 10 44.3
0 20 43.4
0 40.8
0 E 38.6
0 m 37
0 @
o 66 ;;

10 0 42.3
10 9 . 40
10 18 38.7
10 27 38.25
10 36 37.3
10 45 36
10 54.9 35.1

m o 40
20 8 38
20 16 36
20 24 34.8
20 32 34
20 40 33.2
20 46.4 33.6

0 35.7
z 7 34.3
30 14 32.9
30 21 31.9

28 30.6
z 35 30.3
30 39.9 30.1

.—

-
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TABLE XI

D~TIOI? BY X-RAY DIFFRACTION OF ALPHA CORNER OF TKREE-PHASE FIELD

IN CORKGT-CHROMIUM-IROH-NICKELALLOYS CONTAINING 10 PERCENT IRON

[Mta for fig. 27J

*

Weight percent Extrapolated
Alloy

co +0.9
value of ~

(A)

169 18 3.3784

193 26 3.5776

194 33 3.5773

200 47 3.5698

2Q5 53 3.5666

206 36 3.5743

207 24.5 3 ● 574-0

214 40 3.5m

249 0 3.5803

.———— .-— — ..— — .—–.—— - .
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TABLE XII

e VNLIES OF X-RAY DIFFRACTION LINES

Z PHASE FROM DIFFRACTION PATTERN

.

NACA ~ 2603

[X-ray powder filed, annealed 10 min at 1200° C, aad then
quenched h cold tap water; unfiltered chromium radiation

Alloy e

194 23.42

27.45

28.72

30.57

31.78

34.01

37*37

.

,,

ASSOCIA!I!EDWITE

OF ALLOY 194

.

.——

.
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TABLE XIII

1200° c DATA FROM CORKLT-CHROMIUM-~ON TERNARY S=

BY KOSTER (REFERENCE 12)

&ta for fig. 3~

Weight Limit of alpha Limit of epsilon
percent phase; weight phase; weight
Fe percent Cr percent Cr

30 27.8 38.2

4., 25.8 34

45 23.32 31.3

m 2’5 29.5

a 21.4 23.2

70 18.9 2Q.5

80 14.4 15.64

85 12.06 13.13

-90 8.2 9.1
.

t

___ . ..—_ __ — —.. —
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90 80 70 60 30 40 30 20 10
Welghl% CtuumJum

Figure 1.- 1200° C isothermal section of cobalt-chromium-ironternary
system.
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30

Figure 2.- MOO” C Iaothezmd section of cobalt-chromium-iron system

with chemical compsltion of alloys (see table III) .
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=s=
Figure 3.- AXLOY ZL2 containing 76.o7 ~rcent ~ony 8=87 ~rcent CObalt~

and 15.06 percent chromium. Electrol@ically @ished and etched
with reagent 1; microstructure is typical of area A, figure 1; X200.

=5=
Figure 4.- woy 300 containing 82.5 percent iron, s percent cobalt,

and lp.s percent chromium. ElectrolyticaUy ~lished and etched

with reagent 1; particles of epsilon phase in a transformed alpha
matrti; X200.

.

.

.
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Figure ~.- vAlloy 1T15 containing 19.38 percent iron, 71.59 percent cobalt,
and 9.03 percent chromium. Electrolytical~ polished and etched with
reagent 1; typical structure of alloy in area B, figure 1; X200.
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=%=65.1 percent cobalt and 34.9 pertentFigure 6.. Alloy 104 containing
chromium. ElectrolyticaUy polished and etched with reage~t 1;
typical structure of alloy in srea B, figure 1; X400.
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=s=
Figure 7.- AILOy 1~6 containtig 29 percent iron, 63.5 percent cobalt,

and 7.5 ~rcent chromium. Electrolytically ~lished and etched with

reagent 1; structure of an alloy located in area B, figure 1, which
did not transform when quenched from 12000 C to room temperature; X200.

.

.

.

d

Figure 8.- JU1OY 173 cent-ng 22.45 Percent iI’on~ 34”41 Percent~cObalt~ “
and 43.14 percent chromium. Electrolytically

reagent 2; alpha-phase psrticles in’matrix of
precipitate; precipitate is not revealed new
particle; X750.

polished and etched with
epsilon phase with sigma
boundary of alpha-phase
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NACA ~
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Alloy 277 contawbg 5.16 percent~i~e 10.-

~a Ij8.12 percent chrofim.

ElectTol@ically polis~d and etched with
layer existing be~een cracked

. structme of inte~diate

~ia~~~h~~e matr~ and a T@rtj-cle

of eysilon phase with si~-pmse

~cipitate; X4QO0.
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Figure 11.- Alloy 327 containing 88.18 percent iron @~l.82 percent
chromium. Electrolytically polished and etched with reagent 1;
typical structure of epsilon phase alloys with high iron contents
quenched from 1200° C to room temperature; X~O.

.

-

?,

Figure
and

w
12.- Alloy 373 containing 22 percent iron, 37.5 percent cobalt,
40.5 percent chromium. Electrolyticallypolished and etched

with reagent 1; cracked sigma-phase matrix containing alpha-phase
particles; striations in alpha phase are revealed; X200.
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Figure 13.. -Kuoy 359 containing 39.45 percent cobalt and 60.55 percent
dlromium. Electrolfiicallypolished and etched with reagent 2;
small particles of’epsilon phase in a cracked sigma-ph~e matrti;
X750.
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Figure 14.- TAlloy 294 containing 17.49 percent iron, 28.34 percent
cobalt, and 54.16 percent chromium. Electroly-tica~y polished
and etched with reagent 2; “clOtlike”particle of segregated
second phase, probably sigma phase’,in an epsilon-phase matrix
with sigma-phase precipitate; X200.
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Figure 15.- Alloy 368 containing 21 Percent iron, 35 pe~ent CObRlt,
and ~ percent chromium. Electrolytically polished and etched with

reagent 2; an alpha-phaae particle In a cracked sigma-phaae matrix

containing a fine diapemion of another phase, probably epsilon

phaae; X7’50.
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Fe

Cr 90 80 70 60 50 40 30 20 10 co

Weight % Chromium

Figure I,6. - Boundaries of sigma phase in cobalt-chromium-iron
at 8000 C (dashed lines). Solid line indicates boundaries
phase at 1200° C.

system
of sigma
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Fe

A

90 10

.

Cr co

Weight % Chromium

Figure 17. - I!oundariesof’ sigma phase at
composition of alloys (see

800° C and
table VI).

1200° C with

.
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60
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10

70 60

Weight

51

%

50

Chromium

Figure 18. - Alpha @ase boundaries at 900° C and 1200° C in
chromium-nickel system and beta phase boundaries at 900° C.
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AA238 0
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NACA TN 2603

60

50

40

30

20

10
Kv v

70 60 50 40 30

Weight %‘ Chromium

Figure 19. - Alpha phase boundaries.at 900° C -d 1200° C in cobalt-
chromium-nickel smtem and beta’phase boundaries at 900° C with
chemical compsit~on of alloys (=ee table VII).
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Figure 20.- =%=Alloy 258 containtig 63.95 percent cobalt, 30.98 percent
chromium, and 5.07 percent nickel. Electrolfiical@ polished and
etched with reagent 1; transfomd structie of an alloy in alpha
phase field of cobalt-ctiotim-nickel system quenched from 9000 C
to room temperate; X400.

Figure 2L.- =s=Alloy 254 containing 70 percent cobalt and 30 percent
chromium. Electroly-ticauy polished &d etched’with reagent 1;
quenchedtifrombeta phase field at 900° C to room temperate;
Widmanstatten precipitate is probably a sigma-pkse precipitate
formed on cooling; XkOO.

.— ____ ___ —..



54 NACA TN 2603

,

Figure 22.-
T

Alloy 238 containing 74.70 percent cobalt and PS.PO percent
chromium. Electrolytically polished and etched with reagent 1;
beta-phase particles in alpha-phase matrix marked by transformation
striations which develop upon quenching from 9000 C to room tempera-
ture; X400.

.

Figure 23.. fluoy

and 50 percent

.

.0 9-
●.

..

0

v
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. .4
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.-

.
233 containing 10 percent cobalt,

v
10 percent chromium,

nickel. ElectrolyticallypoMshed; typical distribu-
tion of second-phase particles in alloy whose co~osition located
alpha phase boundary; X750.
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20

10

70

Figure 2J+.- Alpha ph&e
system at 1200° C at

60 50 40

Weight % Chromium

boundaries in
iron contents

cobalt-chromium-iron-nickel‘
of O, 10, 20, and 30 percent.

.
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50

40
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i37 A

\

yxx 10% Fe
, xxx 20% Fe / ‘?\x\

-7J=y’GJ’\

‘xix

70 60 50 40

Weight % Chromium

Figure ~.- Alpha phase boundaries in cobalt-chromium-iron-nickel
system at 1200° C at iron contents of O, 10, 20, and 30 percent
together with alloy compsitions as given in table IX.
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44

42

1

0
s
n

z

=

z
: 34
m

30

Weight %’o Cobalt

Figure 26. - Maximumsolubility at 1200° C of chromium in alpha ph~ e
of cobalt-chromium-iron-nickelalloys plotted as function of cobalt
content for iron contents of 0, 10, 20, and 30 percent. Data in
table X.
,
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I
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1

0 10 20- 30 40 50 60
%Cobalt From Co- Cr-Ni Ratio

(Actual ‘We~ght’”~ Cobalt + 0-9)
,.>.

Figure 27. - Variation of I.attice parameter of 1200° C alpha-phase-
boundary alloys contaigi.ng,10,percent .+ropin cobalt-chmmiumT
‘iron-nickelsystem ~lotted as function,,of coqected cobalt
composition. Data in ‘table~. “.- .‘<
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Q

=s=
Figure 28. - Alloy 199 containing 31.5 percent cobalt, 35.7 percent

chromium, 30 percent iron, and 2.8 percent nickel. Electro-
lytically polished and deeply etched with reagent 1; epsilon
phase more heavily etched than alpha-phase matrix; X200.

$4.
,,

...
\

Figure 2g.-
%5 percent

Alloy 207 containing.20.T percent cobalt, .
chromium, 10 percent iron, and 28.8 percent nickel. Electro-
Iytical.lypolished and etched with reagent 1; alpha-phase matrix
with second phase gtched away; X200.
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Weight 0/0 Chromium

Figure 30. - Boundaries of alpha and epsilon phases in cobalt-chromium-
iron system at 1200° C for alloys contatiing more than 30 yercent
iron, plotted from data in table XIII (Koster) and from data in
table III (present tivestigation). .
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Figure 31.- Revised phase diagram of

at 1203°
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Nickel .

cobalt -c’hromium-nickel s~tem
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1

.

Figure 32.- Alloy 104 containing.65.4percent cobalt-and 34.6 percent
chromium. Electrol@ically poEshed and etched with reagent 1;
striations in structure of partially transformed alloy of area B,
figure 1; X2500.

=s5=
Figure 33.- AlloY 201 containing 61.63 p=c=rt tion, 18.94 Percent

cobalt, and 19.42 percent chromium. Electrolyticallypolished
and etched with reagent 1; striations in structure of partially
transformed alloy of area B, figure 1; X2500.
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